Abstract: This study aimed to evaluate the production of a surfactant by Cunninghamella echinulata, using agro-industrial residues, corn steep liquor (CSL), and soybean oil waste (SOW). The study had a factorial design, using as a variable response to the reduction of surface tension. C. echinulata was able to produce biosurfactant in assay, CSL (8.82%) and SOW (2%). The results showed that the biosurfactant was successfully produced by C. echinulata and had attractive properties, such as a low surface tension (31.7 mN/m), a yield of 5.18 g/L at 120 h of cultivation, and an anionic profile. It also achieved a reduction in surface tension stability in a wide range of pH values, temperatures, and salinity values. The biosurfactant produced by C. echinulata showed an absence of toxicity to Artemia salina. The influence of the biosurfactant on the viscosity of engine oil, burnt engine oil, diesel, soybean oil post-frying, canola oil, and water was investigated. The results reveal a mechanism for the decrease of the viscosity using hydrophobic substrates and the new biosurfactant solution at 1.5% of the (CMC). This enables the formulation of a low-cost culture medium alternative, based on corn steep liquor and the reuse of soybean oil after frying to produce a biosurfactant. Additionally, performance of the biosurfactant isolated from C. echinulata showed an excellent ability to remove spilled oil, such as diesel (98.7%) and kerosene (92.3%) from marine sand.
Introduction
Microbial components that exhibit high surface activity and emulsifying activity are classified as biosurfactants. These are metabolic products made by different microorganisms such as bacteria, yeasts and filamentous fungi, using various low-cost substrates including sugars, oils, alkanes, and industrial and agricultural wastes. Oil industry waste in the form of by-products generated during the manufacture of vegetable oil is very accessible. Therefore, our main purpose is to consider various oil industry wastes for the production of biosurfactants, as efficient and economical raw materials in order to lower the cost of biosurfactant production [1] [2] [3] . Although soybean oil has been shown to have a good ability to stimulate biosurfactant production by Pseudomonas aeruginosa MR01, production yield increases by more than 1.6 times when using soybean oil wastes. This fact was paralleled by the increase in biodegradation yields in cultures containing waste. However, further studies are necessary to explore this phenomenon at the molecular and structural level. In conclusion, using soybean oil wastes not only achieves highly efficient biosurfactant production when compared to the results of other researchers [4, 5] , but it can also be regarded as contributing to ecological preservation [6] .
Biosurfactants have many applications ranging from environmental, food and biomedical applications, through to applications in the cosmetic and pharmaceutical industries. The biosurfactants isolated from Candida lipolytica, Candida antarctica, Candida bombicola, Torulopsis bombicola and Aspergillus ustus have been found to be the best choices in microbially enhanced oil recovery [7] [8] [9] .
Biosurfactants also have a wide range of biotechnological applications in the dairy, food, beverage, cosmetics, detergent, textile, paint, mining, petroleum, paper pulp, and pharmaceutical industries [10, 11] . Extreme environments are valuable sources of microorganisms that may secrete novel biosurfactants with a wider adaptability and stability toward adverse environmental conditions [12, 13] . These properties make them suitable for applications in the bioremediation of oil, hydrocarbon, and toxic metals from contaminated soil and wastewaters [14] [15] [16] .
There is a worldwide concern about the release of hydrocarbons into the environment from industrial activities and from accidental oil spills and their related components [17] . The amphipathic structure of biosurfactants acts on hydrocarbons, emulsifying them through the formation of micelles which accumulate at the interface between liquids of different polarities. This produces hydrophobic soil pollutants, such as polycyclic aromatic hydrocarbons (PAHs), and confers the ability to carry out the detergency, emulsification, lubrication, solubilization, and dispersion phases [18] [19] [20] .
The present study aimed to evaluate the production and stability of the surfactant produced by the filamentous fungus Cunninghamella echinulata, using low-cost corn steep liquor (CSL) and soybean oil waste (SOW). This study also investigated the capacity of this biosurfactant to solubilize and facilitate the recovery of spilled oil, and to reduce surface tension under different environmental conditions.
Materials and Methods

Microorganism
Cunninghamella echinulata UCP 1297 was isolated from Caatinga soil of Pernambuco, Brazil, and deposited in the Culture Collection of the Catholic University of Pernambuco. It was registered in the World Federation of Culture Collection (WFCC). The fungus was maintained at 5 • C on Sabouraud dextrose agar, and was transferred at four months to the same medium.
Detection of Biosurfactant Production by Hemolysis
A 0.5 cm disc of C. echinulata was placed in the plate center (blood agar) and incubated for 48 h at 37 • C. The plates were visually inspected for zones of clearing around the colonies, indicative of biosurfactant production. The diameter of the clear zones depends on the concentration of the biosurfactant [21] . The zones of clearing were scored as follows: No hemolysis (−); incomplete hemolysis (+); complete hemolysis with a diameter of lysis <1 cm (++); complete hemolysis with a diameter of lysis >1 cm but <3 cm (+++); and complete hemolysis with a diameter of lysis >3 cm and green colonies (++++). Two plates for each strain were inoculated and clear zones in several different areas of each plate were analyzed.
Biosurfactant Production
Erlenmeyer flasks of 250 mL capacity were used. They contained 100 mL of medium with corn steep liquor (CSL), which is the waste obtained from the processing of corn obtained from Corn Products Brazil, and soybean oil waste (SOW) with a pH of 5.5. The experiments were monitored by Colloids Interfaces 2018, 2, 63 3 of 12 a 2 2 ) with a variable response reduction in surface tension (Table 1) . The culture media were autoclaved at 121 • C for 15 min. An aliquot (1 mL) of spore suspension containing 10 7 sporangiospores/mL from Cunninghamella echinulate UCP1297 was inoculated in the Erlenmeyer flasks. The samples were agitated (150 rpm) for 120 h at 28 • C. 
Determination of the Surface Tension, Interfacial Tension and pH
The surface tension of the cell-free metabolic liquid cells containing the biosurfactant after 120 h of cultivation, was measured in a semi-automatic tensiometer using a DU NUOY ring [22] . The Interfacial tension was measured against the n-hexadecane in the cell-free broth following cell removal with a Millipore (0.45 µm). Changes in the pH of the culture media were monitored throughout the growth using a potentiometer. The pH range at each point was the mean of three measurements.
Isolation of Biosurfactant
The samples were centrifuged at 4000 rpm and 28 • C for 20 min and the cell-free metabolic liquid was analyzed according to the method of Shavandi et al. [4] . The liquid containing the active tension had ethanol added (70%) 1:2, and was kept under refrigeration for 24 h until complete precipitation. It was then centrifuged at 4000 rpm for 15 min. The crude product was dialyzed for 48 h at 4 • C (12,000 Da cut off dialysis tubing, Sigma) and lyophilized.
Determination of Critical Micelle Concentration (CMC)
The experimental method to self-consistently determine the line interfacial tension between the oil/water and air/water surfaces. These effects are proportional to the concentration of active tension, dissolving until it reaches the critical micelle concentration (CMC). The CMC was determined by measuring the surface tension dilutions of purified biosurfactant in distilled water against a constant value of surface tension. The value of the CMC was determined as g/L biosurfactant.
Determination of the Stability of the Biosurfactant
The stability of the biosurfactant was evaluated from the condition selected using the cell-free metabolic liquid by surface tension. The evaluation was done using different pH levels (2, 4, 6, 8, 10, and 12) , different concentrations of NaCl (2.5, 5, 10, 15, and 20%), and temperatures of 100 • C for 15, 20, 40, 60, 100, and 140 min, and 121 • C for 15, 20, 40, and 60 min [23] .
Determination of the Biochemical Composition of the Biosurfactant
The total protein of the biosurfactant was determined by kit for total protein analysis from Labtest Diagnostica SA Brazil. The total sugars were determined according to the methodology described by Dubois et al. [24] . The amounts of lipids present in the biosurfactant were determined using chloroform and methanol in different ratios (1:1 to 1:2 v/v). The organic extract was evaporated, and the lipid content was then determined by gravimetry [24, 25] . The ionic charge of the biosurfactant was determined by measuring the zeta potential, 100 volts, 1 4 scale, at a temperature of 22 • C. In order to investigate the effects of the biosurfactant produced on the viscosity, tests were carried out in which the test was fixed to a volume of 6 mL. These viscosities were measured using a standard viscometer (Brookfield-TC 500) at 25 • C. The hydrophobic substrates of engine oil, burnt engine oil, diesel, soybean post-frying oil, canola oil, and water with biosurfactants and water as a control, were tested. In the same sequence as the hydrophobic substrates, we added 2 mL of solution of biosurfactant at 1.5% (w/v), subjected it to vortex for 1 min, and then the viscosity was measured again. The viscosity results were expressed in cP and %.
Toxicity Assay
The toxicity assay was performed with the isolated biosurfactant using the microcrustacean Artemia salina as the toxicity indicator. Brine shrimp eggs were obtained from a local store. Larvae were used within 1 day of hatching. Following dilution of a biosurfactant solution (3.75, 7.5, 11.3, and 15 mg/mL), the assays were conducted in penicillin tubes of 10 mL capacity containing 10 brine shrimp larvae in 5 mL of saline water per tube (33.3 g/L), incubated for 24 h. A cell-free broth containing the biosurfactant was also tested. The brine shrimp larvae in each tube were tested using a 1.5 mL per concentration level of biosurfactant solution. They were observed for 24 h to calculate mortality [26] . The toxicity threshold concentration, expressed as biosurfactant concentration per 100 ml of saline water, was defined as the lowest concentration that killed all tested brine shrimp within 24 h. Each test was run in duplicate and saline water was used as the control. Then the count of surviving organisms was conducted, thereby determining a threshold dose (LC50) of biosurfactant. The calculations were undertaken by the StatPlus 2009 program using the Probit Analysis Method.
Application of Biosurfactant to Remove Spilled Oils from Polluted Marine Sand
The suitability of the biosurfactant for oil in sand separation by gravity was determined using 10 g of marine sand impregnated with 1.0 mL of burnt engine oil, kerosene, diesel, and soybean post-frying oil, which was transferred to 125 mL Erlenmeyer flasks followed by the addition of 30 mL of the biosurfactant produced by the Cunninghamella echuinulata cultivated in the optimized medium (CSL 8.82% added SOW 2.0%) or 30 mL of distilled water (control). The samples were incubated on a rotatory shaker (150 rpm) for 24 h at 28 • C and centrifuged at 5000 g for 10 min to separate the laundering solution and marine sand. The amount of oil in the marine sand after contact with the biosurfactant was gravimetrically determined as the amount of material extracted by solubilization using hexane [27] .
Results and Discussion
Biosurfactant Production through Hemolysis Formation by C. echinulate
As mentioned above, the lysis of sheep red blood cells has been recommended as a simple and easy method to test for biosurfactant activity [28, 29] . Mulligan et al. [20] recommended the blood agar lysis method as a preliminary screening method for the detection of biosurfactant production.
The diameter of the clear zones depends on the concentration of the biosurfactant. The zones of clearing were scored as follows: '−' (no hemolysis); '+' (incomplete hemolysis); '++' (complete hemolysis with a diameter of lysis <1 cm); '+++' (complete hemolysis with a diameter of lysis >1 cm but <3 cm); and '++++' (complete hemolysis with a diameter of lysis >3 cm and green colonies). However, not all biosurfactants have hemolytic activity and compounds other than biosurfactants may cause hemolysis [21] .
The results show complete hemolysis (2.0 cm) represented by (+++) with a diameter of lysis >1 cm but <3 cm (Figure 1) . 
Determination of the Surface Tension, Interfacial Tension and pH
Haba et al. [31] consider those microorganisms which reduce water surface activity from 72 mN/m to 40 mN/m to be good producers of biosurfactants. Zhou and Kosaric [32] , using canola oil and lactose present in whey cheese processing for the production of biotenso-actives with Candida bombicola as their carbon source, obtained a reduction of the surface tension (air/water interface) from 72 mN/m to 33 mN/m.
The results obtained revealed that C. echinulata was able to produce a biosurfactant during growth in a low-cost medium, containing corn steep liquor (8.82%) and soybean oil after frying (2%). The compound decreased the water surface tension from 72.0 mN/m to 31.7 mN/m, the interfacial tension (12 mN/m), and the final pH (6.5) after 120 h of cultivation. Table 2 presents the surface tension and pH of the cell-free metabolic liquid produced by C. echinulata, according to the factorial design, DCCR 2 2 , presented in Table 1 . The analysis of the Pareto Diagram ( Figure 2) suggests that under the conditions being evaluated, concentrations of soybean oil post-frying and corn steep liquor significantly facilitated the reduction of the surface tension. It was also observed that the interaction effect between corn steep liquor and soybean oil post-frying showed no statistically significant effect in reducing the surface tension. 
Haba et al. [30] consider those microorganisms which reduce water surface activity from 72 mN/m to 40 mN/m to be good producers of biosurfactants. Zhou and Kosaric [31] , using canola oil and lactose present in whey cheese processing for the production of biotenso-actives with Candida bombicola as their carbon source, obtained a reduction of the surface tension (air/water interface) from 72 mN/m to 33 mN/m.
The results obtained revealed that C. echinulata was able to produce a biosurfactant during growth in a low-cost medium, containing corn steep liquor (8.82%) and soybean oil after frying (2%). The compound decreased the water surface tension from 72.0 mN/m to 31.7 mN/m, the interfacial tension (12 mN/m), and the final pH (6.5) after 120 h of cultivation. Table 2 presents the surface tension and pH of the cell-free metabolic liquid produced by C. echinulata, according to the factorial design, DCCR 2 2 , presented in Table 1 . The analysis of the Pareto Diagram (Figure 2) suggests that under the conditions being evaluated, concentrations of soybean oil post-frying and corn steep liquor significantly facilitated the reduction of the surface tension. It was also observed that the interaction effect between corn steep liquor and soybean oil post-frying showed no statistically significant effect in reducing the surface tension. These results demonstrate that the biosurfactant produced by Cunninghamella echinulata has a greater capacity to reduce surface tension in comparison to biosurfactants from Candida lipolytica (32 mN/m) [33] , C. glabrata (31 mN/m) [34] , C. antarctica (35 mN/m) [35] , and Y. lipolytica (50 mN/m) [36] .
Corn steep liquor is also being used to produce biosurfactants. The composition of corn steep liquor is 21-45% protein, 20-26% lactic acid, about 8% ash (containing Ca 2+ , Mg 2+ , K 2+ , and more), about 3% carbohydrates, and low levels of fat (0.9-1.2%), according to the literature [37, 38] .
Stability Studies
The biosurfactant produced by Cunninghamella echinulata showed low surface tension stability over a wide range of pH values, temperatures and exposure to high salinity. Regarding the influence of the temperature on the surface tension of the cell-free medium containing the biosurfactant ( Figure  3A,B) , it was observed that the same stable front remained regardless of the studied temperatures. These results demonstrate that the biosurfactant produced by Cunninghamella echinulata has a greater capacity to reduce surface tension in comparison to biosurfactants from Candida lipolytica (32 mN/m) [32] , C. glabrata (31 mN/m) [33] , C. antarctica (35 mN/m) [34] , and Y. lipolytica (50 mN/m) [35] .
Corn steep liquor is also being used to produce biosurfactants. The composition of corn steep liquor is 21-45% protein, 20-26% lactic acid, about 8% ash (containing Ca 2+ , Mg 2+ , K 2+ , and more), about 3% carbohydrates, and low levels of fat (0.9-1.2%), according to the literature [36, 37] .
The biosurfactant produced by Cunninghamella echinulata showed low surface tension stability over a wide range of pH values, temperatures and exposure to high salinity. Regarding the influence of the temperature on the surface tension of the cell-free medium containing the biosurfactant ( Figure 3A,B) , it was observed that the same stable front remained regardless of the studied temperatures. These results demonstrate that the biosurfactant produced by Cunninghamella echinulata has a greater capacity to reduce surface tension in comparison to biosurfactants from Candida lipolytica (32 mN/m) [33] , C. glabrata (31 mN/m) [34] , C. antarctica (35 mN/m) [35] , and Y. lipolytica (50 mN/m) [36] .
The biosurfactant produced by Cunninghamella echinulata showed low surface tension stability over a wide range of pH values, temperatures and exposure to high salinity. Regarding the influence of the temperature on the surface tension of the cell-free medium containing the biosurfactant ( Figure  3A,B) , it was observed that the same stable front remained regardless of the studied temperatures. The surface tension of the cell-free broth containing the biosurfactant showed stability independent of the concentration of added salt and the pH ( Figure 4A,B) , respectively.
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The surface tension of the cell-free broth containing the biosurfactant showed stability independent of the concentration of added salt and the pH ( Figure 4A,B) , respectively. These results agreed with the surface tension values found for the biosurfactant of Nocardia sp. L-417, which remained stable at all the pH values tested (from 2 to 12), indicating that the variation of the pH did not have a significant effect on the superficial tension [39] . The surface tension of the biosurfactant produced by Bacillus subtillis was also stable under different pH values [40] , although the effectiveness of the liposan of C. lipolytica as an emulsifier was limited to the acidic to neutral pH values [41] .
Surface Tension Reduction and Critical Micelle Concentration (CMC) of the Biosurfactant
The ability to reduce surface tension depends on the specific concentration of the surface-active compound-CMC, which is defined as the minimum concentration of biosurfactant required to yield the maximum surface tension reduction in water and initiate micelle formation ( Figure 5 ). Efficient surfactants are required to reduce surface tension [42] . The CMC of the biosurfactant produced by Cunninghamella echinulata was approximately 1.5% and the surface tension at that point was 31.7 mN/m. These results agreed with the surface tension values found for the biosurfactant of Nocardia sp. L-417, which remained stable at all the pH values tested (from 2 to 12), indicating that the variation of the pH did not have a significant effect on the superficial tension [38] . The surface tension of the biosurfactant produced by Bacillus subtillis was also stable under different pH values [39] , although the effectiveness of the liposan of C. lipolytica as an emulsifier was limited to the acidic to neutral pH values [40] .
The ability to reduce surface tension depends on the specific concentration of the surface-active compound-CMC, which is defined as the minimum concentration of biosurfactant required to yield the maximum surface tension reduction in water and initiate micelle formation ( Figure 5 ). Efficient surfactants are required to reduce surface tension [41] . The CMC of the biosurfactant produced by Cunninghamella echinulata was approximately 1.5% and the surface tension at that point was 31.7 mN/m.
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Surface Tension Reduction and Critical Micelle Concentration (CMC) of the Biosurfactant
The ability to reduce surface tension depends on the specific concentration of the surface-active compound-CMC, which is defined as the minimum concentration of biosurfactant required to yield the maximum surface tension reduction in water and initiate micelle formation ( Figure 5 ). Efficient surfactants are required to reduce surface tension [42] . The CMC of the biosurfactant produced by Cunninghamella echinulata was approximately 1.5% and the surface tension at that point was 31.7 mN/m. 
Yield, Ionic Charge and Preliminary Chemical Composition of the Biosurfactant
The biosurfactant showed a CMC of 1.5% and an anionic profile using a zeta meter with −100 V, 2.340 µS/cm at 22 • C, 1 4 scale. The zeta potential determines the function of the surface charge of the particles that serve to predict and control the stability of colloidal suspensions and emulsions. It confirmed that the higher values obtained (square) indicate a good stability due to the repulsion between hydrophilic particles, as per the literature [42] [43] [44] .
The chemical characterization of the isolate molecule of the biosurfactant revealed the presence of lipids (79.5%), carbohydrates (4.5%), and proteins (12%).
Biosurfactant Toxicity
The lethal dose (LD 50 ) is the dose required for a given substance or type of radiation to kill 50% of a population under testing ( Figure 6 ). The LD 50 is often used as an indicator of the acute toxicity of a substance, where a higher lethal dose is considered less toxic. The biosurfactant from Cunninghamella echinulata was first tested with regards to toxicity in short-term bioassays using brine shrimp. Counting the surviving organisms determined the dose limit concentration (LD 50 : 18.11 mg/mL) of biosurfactant ( Figure 6 ), indicating the absence of toxicity of the biosurfactant.
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Yield, Ionic Charge and Preliminary Chemical Composition of the Biosurfactant
The biosurfactant showed a CMC of 1.5% and an anionic profile using a zeta meter with −100 V, 2.340 µ S/cm at 22 °C, ¼ scale. The zeta potential determines the function of the surface charge of the particles that serve to predict and control the stability of colloidal suspensions and emulsions. It confirmed that the higher values obtained (square) indicate a good stability due to the repulsion between hydrophilic particles, as per the literature [43] [44] [45] .
Biosurfactant Toxicity
The lethal dose (LD50) is the dose required for a given substance or type of radiation to kill 50% of a population under testing ( Figure 6 ). The LD50 is often used as an indicator of the acute toxicity of a substance, where a higher lethal dose is considered less toxic. The biosurfactant from Cunninghamella echinulata was first tested with regards to toxicity in short-term bioassays using brine shrimp. Counting the surviving organisms determined the dose limit concentration (LD50: 18.11 mg/mL) of biosurfactant (Figure 6 ), indicating the absence of toxicity of the biosurfactant. 
Effect of the Biosurfactant on Viscosity
We determined the viscosity in engine oil, engine burning oil, diesel, canola oil, soybean waste oil, and water (control) isolate, before and after the addition of the biosurfactant isolate from C. echinulate (Table 3 ). The determination was made with regard to the centipoise (cP) and percentage (%) of the hydrophobic substrates before and post solubilization by the use of the biosurfactant at 1.5% solution over 30 min. The best results were achieved with the use of the biosurfactant. The viscosity determination was decreased for engine oil from 736.6 cP to 46.9 cP; engine burning oil from 148.9 cP to 46.9 cP; diesel from 154.1 cP to 2.09 cP; canola oil from 374.0 cP to 35.4 cP, and soybean waste oil from 380.1 cP to 21.6 cP. The viscosity determination was increased after the biosurfactant addition for water (control) from 0.96 cP to 37.2 cP.
The results reveal a mechanism for the decrease of the viscosity using hydrophobic substrates, with the use of the new biosurfactant solution at 1.5%. The viscosity results suggest the new biosurfactant is a candidate for mediated enhanced oil recovery [10, 46] . 
The results reveal a mechanism for the decrease of the viscosity using hydrophobic substrates, with the use of the new biosurfactant solution at 1.5%. The viscosity results suggest the new biosurfactant is a candidate for mediated enhanced oil recovery [10, 45] . Biosurfactants emulsify hydrocarbons by enhancing their water solubility, decreasing surface tension and increasing the displacement of the oil substances from soil particles. Results on the removal of soybean oil, diesel, kerosene, and engine oil adsorbed in the samples of sand beach tested by the cell-free culture medium from C. echinulata were obtained after 120 h and compared with distilled water (control) ( Table 4) .
The performance of biosurfactants from C. echinulata was observed to be excellent, as it alone removed 98.7% of the diesel from the marine sand from beach compared to a 12.5% recovery by the control (distilled water). A total of 92.3% of the kerosene was recovered in the presence of the biosurfactant, in comparison to 27% by the control (distilled water). 
Conclusions
The results suggest the successful formulation of a low-cost culture medium alternative based on corn steep liquor, as well as the reuse of soybean oil after frying, to produce biosurfactants. This work has shown that the biosurfactant produced by Cunninghamella echinulata has attractive properties such as a low surface tension. Stability over a wide range of pH values, temperatures, and exposure to high salinity was achieved, but it cannot act as an emulsifier. The biosurfactant from Cunninghamella echinulata showed an absence of toxicity in the tenso-active, and the viscosity results show that the biosurfactant is a candidate for mediated enhanced oil recovery. The performance of biosurfactants from C. echinulata is excellent for the removal of diesel and kerosene from marine sand. These characteristics indicate the potential use of the biosurfactant in bioremediation and the oil industry. 
